Alcohol oxidase I gene (AOX1) promoter (P AOX1 ) is a key promoter in the methylotrophic yeast Pichia pastoris. To identify the cis-acting element in the AOX1 promoter, we constructed expression plasmids in which the green fluorescent protein (GFP) gene coding region was fused to a series of internal deletion mutants of the AOX1 promoter. By analyzing the expression and transcription level of GFP by each plasmid, we identified a positive cis-element, Region D, which is located between positions À 638 and À 510 of the AOX1 promoter. This region contains an invert repeat-like sequence GTGGGGTCAAATAGTTTCATGTTCCC CAA that is similar to the upstream activation sequence 1 (UAS1) of alcohol dehydrogenase II gene (ADH2) in Saccharomyces cerevisiae. The inverted repeat sequence in the UAS1 is known to contain the binding site for alcohol dehydrogenase II synthesis regulator (Adr1p). When three tandem copies of Region D were inserted into the Region D-deleted AOX1 promoter, the expression of GFP at the protein level and the mRNA level increased to 157% and 135% of the wild type, respectively. An electrophoretic mobility shift assay indicated that Region D could form a DNA-protein complex with cell extracts under methanol-induced and glucose/methanol-repressed conditions. These data suggest that Region D may function as a cis-acting regulatory element in the AOX1 promoter to positively regulate the expression of AOX1.
Introduction
The methylotrophic yeast Pichia pastoris has been developed into a successful and popular expression host. Over 550 proteins have been expressed in P. pastoris as of 2006 (http:// faculty.kgi.edu/cregg/index.htm). This can be attributed to several advantages offered by this organism. Pichia pastoris can reach high cell densities in continuous cultures with methanol as its sole carbon source. It can properly fold recombinant proteins including the formation of disulfide bonds. Recently, P. pastoris has been genetically engineered to secrete human glycoproteins with fully complex terminally sialylated N-glycans (Hamilton et al., 2006) . Genetic manipulation of P. pastoris can be easily achieved with commercially available kits (Lin-Cereghino & Cregg, 2000) . Furthermore, high-level expression of recombinant protein in P. pastoris has been reported to reach 13 g L À1 of a secreted protein (Xiong et al., 2006) and 22 g L À1 of an intracellular protein (Hasslacher et al., 1997) . In the P. pastoris system, the expression of foreign genes are usually driven by the promoter of the alcohol oxidase I gene (AOX1), which encodes the first enzyme in the methanol utilization pathway. The AOX protein constitutes 4 30% of the total cellular protein and 5% of the total poly(A)1 mRNA in methanol-grown cultures (Couderc & Baratti, 1980; Cregg & Madden, 1988) . The AOX1 promoter (P AOX1 ) is transcribed only in response to methanol and is repressed by glucose and ethanol. The transcription level of AOX1 in methanol-grown cells is more than 1000-fold higher than that of glucose-grown cells (Tschopp et al., 1987) . The expression of P AOX1 can be regulated with both repression and derepression mechanisms responding to different carbon sources (Tschopp et al., 1987; Cregg & Madden, 1988; Cregg et al., 1989) .
The regulatory elements in the promoter regions of several alcohol oxidase and dehydrogenase genes in yeasts have been characterized. In P. pastoris, two upstream repression sites (URS1 and URS2) and one upstream activation sequence (UAS) in the promoter of AOX2 have been identified through a deletion analysis (Ohi et al., 1994) . In other methylotrophic yeasts, the cis-acting elements sensitive to methanol induction have also been identified. These include the promoter sequences of the alcohol oxidase (MOX) gene in Hansenula polymorpha (Gödecke et al., 1994) and the formate dehydrogenase (FDH) gene from Candida boidinii (Komeda et al., 2003) . However, these regulatory regions do not share significant homology with the promoter of AOX1 in P. pastoris. Therefore, these reports provide minimum insight into the cellular regulatory mechanism of P AOX1 in P. pastoris.
As summarized in Fig. 1 , several cis-acting elements in the P AOX1 have been reported (Inan et al., 2004; Lin-Cereghino et al., 2006; Hartner et al., 2008) . Using a gel shift assay, Inan et al. (2004) identified two protein-binding sites, Fragments A and C, in the AOX1 promoter region in P. pastoris. Fragment A was located between positions À 1055 and À 809 as its deletion resulted in a 24% loss of promoter activity. In addition, a DNA-protein complex was identified in a gel shift assay when the region was incubated with the nuclear extract prepared from cells cultured in the presence of methanol, whereas no such complex was found when cells were grown in the presence of ethanol. Fragment C was between positions À 653 and À 514, whose deletion exhibits 108% activity of the reporter gene compared with that of the wild type. Besides, it could form a specific DNA-protein complex using cell extracts both under induce and uninduced conditions. However, more detailed information on the two DNA-binding proteins is still lacking. Lin-Cereghino et al. (2006) identified a positive-acting transcription factor named methanol expression regulator 1 (MXR1). MXR1 contains a zinc finger DNA-binding domain near its N terminus that has similarity to Saccharomyces cerevisiae Adr1p, a transcription factor necessary for the glucose-repressed ADH2 gene and some peroxisomal proteins in baker's yeast. Mxr1p binds to a P AOX1 region between positions À 414 and À 171 and deletion of this region resulted in a significant decrease in the expression of the reporter gene. The band-shift experiments were performed with cell extracts prepared from the Mxr1p-overexpressed recombinant strain, and the result showed that the labeled 243-bp DNA fragment could undergo a specific band shift.
Recently, during the course of our studies, Hartner et al. (2008) created a promoter library by deletion and duplication of putative transcription factor-binding sites (TFBS) within the P AOX1 sequence. At least 12 cis-acting elements involved in P AOX1 -driven high-level expression were identified by characterization of the library under repressing, derepressing and inducing conditions. When the small core sequences of the putative TFBS or a larger stretch covering the whole putative TFBS were deleted, the mutated promoter lost about 50% of its activity. These sites include the Adr1p-like sequence (from positions À 576 to À 570, with 30% of activity remaining), Rap1p-like sequence (from À 615 to À 601, with 34% of activity remaining) and Mat1-Mc-like sequence (from À 264 to À 262, with 40% of activity remaining) (Fig. 1) . Most remarkably, a deletion of two nucleotides at positions À 209 and À 210 within the P AOX1 sequence resulted in a decrease in green fluorescent protein (GFP) fluorescence to 6% compared with the level in the wild type. In addition, deleting the region between positions À 777 and À 712 and simultaneously doubling the region between positions À 203 and À 190 within the P AOX1 sequence resulted in a significant increase in GFP fluorescence to 160% compared with the level in the wild type. However, the characterization of DNA binding of these cis-acting elements was not determined, except the Mxr1p-binding site.
In this study, we used a deletion and insertion analysis to identify new UASs, the deletion of which can lead to a decreased level of reporter gene transcription and expression. Moreover, it can form a DNA-protein complex in electrophoretic mobility shift assay (EMSA). With this sequence, a stronger AOX1 promoter was constructed. Fig. 1 . The cis-acting elements reported previously and identified in this study in AOX1 promoter. The white frame represents the AOX1 promoter. The three gray frames above the white frame represent the regions of cis-acting elements identified in this study. The gray frames below the white frame represent the cis-acting elements identified in a pervious study. The five black triangles represent the putative TFBS analyzed by the MATINSPECTOR software (Hartner et al., 2008) .
Materials and methods

Strains and media
The strains and plasmids are listed in Table 1 . The P. pastoris strain used in this study is GS115 (his4; Invitrogen). Pichia pastoris cells were grown at 30 1C in YPD medium (1% yeast extract, 2% peptone and 2% glucose) or minimal YNB medium (1.34% yeast nitrogen base without amino acids, 4 Â 10 À5 % biotin) supplemented with 1% glycerol (MGY), 2% glucose and 0.5% methanol (MMD), or 0.5% methanol (MM). Escherichia coli strain Top10 (Invitrogen) was used as a host for propagation of plasmids and grown at 37 1C in Luria-Bertani medium (0.5% yeast extract, 1% glucose, 0.5% NaCl, along with 2% agar if necessary). Ampicillin was added to a final concentration of 50 mg mL À1 for transformation.
Plasmid constructions
All the primers used in this study are listed in Table 2 . The GFP coding sequence was amplified from the genomic DNA of GS115-KDR (Lab collection) using Pyrobest DNA polymerase with primers GFP-1 and GFP-2. The PCR product was inserted into the pPIC3.5k (Invitrogen) that was digested with SnaBI (TaKaRa) to create the pP-GFP construct. The insert direction and the sequence were confirmed by sequencing the constructs with primers 5 0 AOX1 and 3 0 AOX1. To generate standard curves for quantitative real-time PCR (qRT-PCR), two plasmids containing the coding sequence of the glyceraldehyde-3-phosphate dehydrogenase gene (GAP) and GFP were constructed, respectively. The GAP and GFP coding sequences were amplified from the genomic DNA of P. pastoris GS115 and GS115-KDR, respectively, with primers GAP-1/GAP-2 and GFP-1/GFP-2. The two PCR products were ligated with pMD19-T Simple Vector (TaKaRa), respectively, yielding plasmid T-GAP and T-GFP.
Constructions of vectors containing internal deletion mutant series of AOX1 promoter
The P AOX1 sequence from AOX1 gene (GenBank accession no. U96967) was used. To identify the cis-acting elements of the AOX1 promoter, vectors containing the AOX1 promoter with different internal deletions were constructed as follows. An overlap PCR approach (Warrens et al., 1997) was used to generate the deletion constructs. Consider the pP-DA for instance: pPIC3.5k plasmid was used as the DNA template; the first-round PCR produced two DNA fragments: one was named dA-up with primers AF-1 and AR-1 and the other was named dA-down with primers AF-2 and AR-2. dAup started at the ScaI site in pPIC3.5k, ending at the splice point. dA-down started at the splice point and 
ended at the BamHI site within the MCS of pPIC3.5k. The two PCR products (dA-up and dA-down) were used as templates for the second round of PCR, with the original two flanking primers (AF-1 and AR-2). The final PCR product (dA fragment) was digested with BamHI (NEB) and inserted into the BamHI/ScaI (NEB)-digested pP-GFP, yielding plasmid pP-DA, which had the deletion of the AOX1 promoter from positions À 940 to À 805 as shown in Fig. 2a . Similarly, other AOX1 promoter internal deletion mutant vectors were constructed using the same overlap PCR approach, but with different primers. Therefore, they were generated with the same flanking primers AF-1 and AR-2 and different hybrid primers, such as BR-1 and BF-2 for pP-DB, CR-1 and CF-2 for pP-DC, DR-1 and DF-2 for pP-DD, ER-1 and EF-2 for pP-DE, FR-1 and FF-2 for pP-DF, GR-1 and GF-2 for pP-DG, HR-1 and HF-2 for pP-DH and IR-1 and IF-2 for pP-DI, respectively (Fig. 2a) . All the mutant AOX1 promoter regions were confirmed by sequencing with primers V-1 and V-2.
Insertion of oligonucleotides into the internal deletion mutant AOX1 promoter
The fragment from the positions À 638 to À 442 (Region DE) in AOX1 promoter was inserted into internal deletion mutant AOX1 promoter. Primers DE-1 and DE-2 were used to amplify the fragment from the positions À 638 to À 442 in the AOX1 promoter. Using AatII (at position À 1123) and SacI (at position À 737), the PCR product was cloned into plasmids pP-GFP, pP-DD and pP-DE, respectively, yielding plasmids pP-AOX7371DE, pP-AOX737-DD1DE and pP-AOX737-DE1DE (Fig. 3a) . Primers 737-1 and 737-2 were used to amplify the fragment containing the truncated 737-bp AOX1 promoter and the ORF of the GFP gene from the SacI site to the AvrII site in pP-GFP. Using AatII and AvrII, the PCR product was cloned into the plasmid pP-GFP, yielding plasmid pP-AOX737, which had the deleted positions from À 940 to À 737 in the native AOX1 promoter (Fig. 3a) .
Three tandem copies of the fragment from the position À 638 to À 510 bp in AOX1 promoter (Region D) was synthesized by Generay Co. Ltd (Shanghai, China). This fragment was inserted into the internal deletion mutant AOX1 promoter to create plasmids pP-AOX73713D, pP-AOX737-DD13D and pP-AOX737-DE13D, respectively ( Fig. 3a) , by the method described above.
Three tandem copies of the Region D fragment were also inserted into native Region D (from positions À 638 to À 510) within the AOX1 promoter. The fragment blunted with T4 DNA Polymerase (TaKaRa) was inserted into the PmeI (at position À 531)-digested plasmid pP-GFP, yielding plasmids pP-GFP13Df, in which the fragment was inserted forward, and pP-GFP13Dr, in which the fragment was inserted in reverse (Fig. 3a) .
All the deletion and insertion AOX1 promoter regions were confirmed by sequencing with primers V-1 and V-2.
Transformation of P. pastoris cells
Pichia pastoris was transformed according to the manual of Pichia Expression Kit (Invitrogen). After linearization with SalI, each 1-mg AOX1 promoter mutant plasmid was transformed into competent cells of P. pastoris strain GS115 by electroporation. The resultant mutant transformants with a single copy of transformed plasmid were named GS-GFP, GS-DA, GS-DB, GS-DC, GS-DD, GS-DE, GS-DF, GS-DG, GS-DH, GS-DI, GS-AOX737, GS-AOX7371DE, GS-AOX737-DD1DE, GS-AOX737-DE1DE, GS-AOX73713D, GS-AOX737-DD13D, GS-AOX737-DE13D, GS-GFP13Df and GS-GFP13Dr, respectively (Figs  2a and 3a) .
The Mut 1 transformants were screened by PCR with 5 0 AOX1 and 3 0 AOX1 primers. The insertion of each mutant and its complemented vector in the genome of the transformed P. pastoris strains was confirmed by PCR with primers V-1 and V-2. The PCR products were ligated with SamI-digested plasmid pUC18. The results of ligations were later confirmed by sequencing. Then, all the transformants were subjected the qRT-PCR to select single-copy transformants.
Selection of single-copy transformants by qRT-PCR
The copy number of the expression cassette was determined by qRT-PCR using the P. pastoris GAP gene as the reference gene. The genomic DNAs of AOX1 promoter mutant transformants were isolated by TIANamp Yeast DNA Kit (Tiangene, China) and analyzed by qRT-PCR assay in triplicate, each time with three independent repetitions. SYBR Green I RT-PCR was carried out in a fluorometric thermal cycler (FTC-2000, Funglyn Biotech, Shanghai, China) in 20 mL reaction mixtures containing 10 mL 2 Â SYBR s Green Realtime PCR Master Mix (Toyobo, Japan), 1 mL DNA sample and optimal concentrations of each primer (400 nM each GFP-F/GFP-R primer and 400 nM each GAP-F/GAP-R primer). The amplification conditions consisted of one cycle of 5 min at 37 1C and 5 min at 94 1C, followed by 30 cycles of 30 s at 94 1C, 30 s at 50 1C and 30 s at 72 1C, with an initial denaturation step of 5 min at 95 1C and a final extension step of 10 min at 72 1C. Each sample was quantified in triplicate.
To generate standard curves for the GAP and GFP genes, plasmid T-GAP and T-GFP solutions were serially diluted to final concentrations of 10 8 , 10 7 , 10 6 , 10 5 and 10 4 copies mL
À1
(1 mL per reaction) and subjected to qRT-PCR assay in triplicate, each time with three independent repetitions to generate two standard curves for C t values and initiative copy numbers.
To calculate the GFP gene copy numbers, we used a relatively quantitative method that had combined two absolute quantification reactions (Johnson et al., 2000) : one for the GFP gene and the other for the GAP gene. We normalized the initiative copy numbers of the GFP to the GAP gene, which can be determined by the C t values and standard curves. Each reaction had three replicates and was repeated three times.
Induction on methanol and glucose
For induction studies, P. pastoris cells were first grown overnight in YPD medium. The cultures were transferred to an appropriate volume of MGY medium and grown to an OD 600 nm of approximately 4. Subsequently, 25 mL of MGY culture was centrifuged and the cell pellets were washed twice with water and transferred to 100 mL MM or MMD medium, then shaken at 30 1C for 16 h for induction, and then GFP fluorescence measurement and RNA extraction were performed.
Quantification of GFP expression by fluorescence
GFP expression in P. pastoris was analyzed by the flow cytometry method (Xiao et al., 2006) . One milliliter of cell culture induced in MM or MMD for 16 h was washed with phosphate-buffered saline twice and then diluted to an OD 600 nm of 0.3. One milliliter of the sample was analyzed with a 488 nm argon laser on a FACScalibur (Becton Dickinson, Franklin Lakes, NJ). The fluorescence values were determined by a Geo-Mean. Each sample was repeated three times.
Quantifying transcript levels of GFP
The total RNA from P. pastoris mutants was prepared by a standard procedure according to the manual of Pichia Expression Kit (Invitrogen), and was resuspended in 20 mL diethylpyrocarbonate-treated water and stored at À 80 1C.
Reverse transcription PCR was carried out with the Quantscript RT Kit (Tiangene) according to the manufacturer's instructions. Twenty-milliliter RT-PCR reaction mixtures containing 1 mL Quant reverse Transcriptase, 2 mL oligo (dT)15 (10 mM), 2 mL 10Â RT mix, 2 mL dNTP (2.5 mM each), 11 mL RNAse-free ddH 2 O and 2 mL total RNA were incubated at 37 1C for 1 h. Then, the cDNA was subjected the qRT-PCR to measure the transcription level of GFP by the method described above.
Preparation of cell extracts and EMSAs
The cell extracts were used for EMSA (Inan et al., 2004; LinCereghino et al., 2006) . Pichia pastoris culture induced on MM medium or MMD medium for 6 h was harvested by centrifugation. Pellets were resuspended in 100 mL breaking buffer (20 mM Tris-HCl, 10% glycerol, 1 mM phenylmethylsulfonyl-fluoride, 1 mM dithiothreitol, 1 mM EDTA, 0.2 mg mL À1 leupeptin, 0.2 mg mL À1 pepstatin, 1.5 mM MgCl 2 and 50 mM KCl) with $300 mL acid-washed 0.45-0.60-mm glass beads. The cells were broken with glass beads in a bead beater (Biospec Products) (10 Â 30 s). After centrifugation at 19 000 g for 40 min at 4 1C, the supernatant was transferred to 1.5-mL tubes and stored at À 80 1C. The 129-, 111-, 135-and 100-bp AOX1 fragments, i.e. Regions D, E, B and I, were, respectively, amplified from pP-GFP using the primers Dbio-F/Dbio-R, Ebio-F/Ebio-R, Bbio-F/Bbio-R and Ibio-F/Ibio-R, which were labeled with D-biotin at the 5 0 end (Invitrogen). EMSA was performed as described below. Before the addition of biotin-labeled double-stranded DNA probe, 10 mg cell extracts were incubated for 5 min on ice in 20 mL of reaction buffer containing 10 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM dithiothreitol, 5% glycerol, 0.05% NP-40, and 1 mg of double-stranded poly(dI-dC). Then, the biotin-labeled probe was added (20 fmol) and the incubation was continued for 20 min at room temperature. In competition experiments, the cell extracts were preincubated with the indicated 150-fold molar excessive of unlabeled, double-stranded oligonucleotides for 20 min on ice. Assays were loaded onto native 5% polyacrylamide gels preelectrophoresed in 0.5 Â Tris borate/EDTA and electrophoresed before being transferred onto a positively charged nylon membrane (Pall). Transferred DNAs were cross-linked for 10-15 min with the membrane face down on a transilluminator equipped with 312 nm bulbs and detected using horseradish peroxidase-conjugated streptavidin (LightShift TM chemiluminescent EMSA kit, Pierce) according to the manufacturer's instructions, and membranes were exposed to X-ray films for 2-5 min before developing. The X-ray films were developed and fixed with a Developing and Fixing Kit (Beyotime, China) according to the manufacturer's instructions.
Results
Selection of single-copy transformants by RT-PCR
In P. pastoris, multiple copies of the heterologous gene expression cassette can be integrated into the same genome. A high copy number usually results in high-level expression of the recombinant protein (Lin-Cereghino & Cregg, 2000) . To compare the transcription efficiency of different mutant AOX1 promoters, the P. pastoris transformants with only one copy of expression cassette integrated into the genome were selected. Although Southern blot has been used as the conventional method for selecting single-copy transformants (Inan et al., 2004; Lin-Cereghino et al., 2006) , qRT-PCR has become the faster and easier method for the selection of single-copy transformants in P. pastoris (Hartner et al., 2008) . Here, we used the SYBR Green I qRT-PCR to determine the copy number of the GFP expression cassette by comparing with the endogenous reference gene GAP.
It was reported that the P. pastoris genome contained only one copy of GAP gene (Waterharn et al., 1997); thus, if the initiative copy numbers of the GFP gene is approximately equivalent to the GAP gene, the strain was considered to contain a single copy of the GFP expression cassette. The RT-PCR standard curves of GAP and GFP genes were generated by serial dilution of plasmids T-GAP and T-GFP, and the copy numbers of the GFP gene or GAP gene in transformants were deduced according to the two standard curves (Johnson et al., 2000) . Here, 19 single-copy transformants integrated with a series of internal deletion mutants of AOX1 promoter were screened by qRT-PCR (data not shown).
Identification of the transcriptional regulatory regions in the AOX1 promoter
To investigate the transcriptional regulatory regions of AOX1 promoter, we constructed a plasmid called pP-GFP, which contained the GFP gene under the control of the AOX1 promoter. A series of deletion plasmids derived from pP-GFP were constructed. These constructs were identical to pP-GFP, except that each contained a different internal deletion region at positions À 940 to À 241 in the AOX1 promoter (Fig. 2a) . To avoid affecting the TATA box at positions À 161 to À 154, the deletion regions ended at position À 241. In each deletion mutant, an approximately 100-bp fragment within the positions À 940 to À 241 in the AOX1 promoter was deleted. Two adjacent deletions overlap about 20-50 bp (Fig. 2a) so that possible transcriptional regulatory regions would not be split in two different deletions. Each deletion vector was integrated into the HIS4 locus of the wild-type P. pastoris GS115 strain by homologous recombination. Transformants that contained a single copy of plasmid were identified by qRT-PCR. The presence of the deletion constructs in the genome of the transformed strains was confirmed by PCR and sequencing.
Each P. pastoris strain carrying a single copy of the internal deletion AOX1 promoter was grown in MGY medium to mid-logarithmic growth phase and then changed to methanol medium (MM) for 16 h before harvesting. The expression levels of GFP in each sample were analyzed by flow cytometry. The wild-type strain P. pastoris GS115, was used as a control. The result showed that the transformant GS115-GFP carrying pP-GFP with the intact native AOX1 promoter produced the highest GFP expression (Fig. 2b) . Removal of Region A (À 940/ À 805) and Region B (À 832/ À 688) from the AOX1 promoter had almost no effect on GFP expression. Removal of Region C (À 707/ À 617) from the AOX1 promoter, however, resulted in an $55% decrease of GFP expression compared with the wild-type promoter. The most significant decrease in GFP expression was observed when Region D (À 638/ À 510) or Region E (À 552/ À 442) in AOX1 promoter was deleted. The GFP expression levels decreased to 16% or 14% compared with that of wild-type promoter, respectively. Loss of Region H (À 391/ À 311) and Region I (À 341/ À 241), which are within the Mxr1p-binding site (À 414/ À 171, Fig. 1 ) (Lin-Cereghino et al., 2006) , resulted in decrease of GFP expression to 55% and 40% compared with that of the wild-type promoter. In addition, loss of Region F (À 491/ À 411) and Region G (À 441/ À 361) resulted in decrease of GFP expression level to 66% and 58% compared with that of the wild type, respectively.
To determine the presence of a possible glucose repression site in the AOX1 promoter, each deletion strain was also induced on MMD for 16 h and harvested. However, no GFP expression was detected in all the strains, including the wild type (data not shown), suggesting that the glucose repression of AOX1 promoter in P. pastoris might not be caused by a simple binding of repressor protein like that of the lactose operon in E. coli.
Transcript levels (mRNA) of GFP in each P. pastoris strain that carries a single copy of the internal deletion AOX1 promoter were determined by qRT-PCR. The results were normalized to the GAP gene to confirm that the GFP expression depends on the transcriptional activity of the AOX1 promoter derivatives. The transformant carrying pP-GFP with the intact native promoter was used as a control. As shown in Fig. 2b , the changing trend of transcription levels of deletion P. pastoris strains was consistent with that of the GFP expression. In GS-DD and GS-DE strains, the transcript level of GFP exhibited a significant 90% decrease compared with the control. In other deletion strains, the transcript levels of GFP were also lower than the control, but the decrease was less dramatic than that in GS-DD and GS-DE strains. Therefore, Regions D and E appeared to contain unidentified elements that can positively regulate the transcription of the AOX1 gene. These regions are different from the previously reported Mxr1p-binding site (À 414/ À 171; Fig. 1 ) (Lin-Cereghino et al., 2006) . Under our assay conditions, Regions D and E appear to play a more important role than the Mxr1p-binding site in regulating the AOX1 expression.
Insertion of oligonucleotides into the deleted AOX1 promoter
In S. cerevisiae, it has been shown that the increase of the promoter's transcriptional activity has a linear relationship with the number of UAS elements, and the function of elements is independent of their orientation (Lorch & Kornberg, 1985) . Similar results were also reported in the P. pastoris AOX2 gene (Ohi et al., 1994 ) and the C. boidinii FDH gene (Komeda et al., 2003) . We also investigated the impact of the copy number of Regions D and E on the transcriptional activity of the AOX1 promoter.
To construct a clone conveniently, the transformant that carries the pP-AOX737 construct, in which the native AOX1 promoter at positions from À 940 to À 737 (Fig. 3a) was truncated, was used as a control, because loss of Region A (À 940/ À 805) was Region B (À 832/ À 688) in the AOX1 promoter had no effect on GFP expression and transcriptional activity (Fig. 2b) . In order to determine whether Region D (À 638/ À 510) and Region E (À 552/ À 442) can function similarly to the UAS elements, the region from À 638 to À 442 of P AOX1 , named Region DE, was inserted into the AatII (at position À 1123) and the SacI (at position À 737) sites of three plasmids pP-GFP, pP-DD and pP-DE, respectively. As such, three new plasmids pP-AOX7371DE, pP-AOX737-DD1DE and pP-AOX737-DE1DE were generated (Fig. 3a) . Each vector was then transformed and integrated into the HIS4 locus of the wild-type strain (P. pastoris GS115) and each transformant with single-copy integration was screened by RT-PCR.
The GFP expression of each mutant strain was measured using the method shown in Fig. 3 . Here, the transformant carrying pP-AOX737 was used as a control. When Region DE was inserted into the upstream of the AOX1 promoter, the GFP expression was increased from 16% to 62.5% compared with that of the wild type. The increase was observed only in the strain in which the Region D was deleted, i.e. GS-DD vs. GS-AOX737-DD1DE (Fig. 3b) . The GFP expression of other strains did not exhibited significant variation. Moreover, the transcript levels (mRNA) of GFP in each strain were also determined by qRT-PCR (Fig. 3b) . The changing tendency was consistent with that of the GFP expression.
In the promoter of C. boidinii FDH genes (Komeda et al., 2003) and Yarrowia lipolytica XRP2 gene (Blanchin-Roland et al., 1994) , insertion of only one copy of UAS showed minimum effect on the promoter. Only when more than two copies of UAS were inserted was an increased expression level of the reporter gene observed. Thus, three tandem copies of Region D were inserted upstream of the AOX1 promoter to generate three strains, GS-AOX73713D, GS-AOX737-DD13D and GS-AOX737-DE13D. The same 3D repeats were similarly inserted into native site of Region D in the promoter in two orientations, forward (GS-GFP13Df) and reverse (GS-GFP13Dr), respectively (Fig. 3a) .
When three tandem copies of Region D were inserted upstream of the AOX1 promoter, GFP expression was increased from 16% to 157% compared with the wild type. Interestingly, the increase was also observed only in the strain in which the promoter Region D was deleted, i.e. GS-DD vs. GS-AOX737-DD13D (Fig. 3b) . In addition, the transcript levels of GFP of GS-AOX737-DD13D also increased from 10% to 135% compared with the wild type (Fig. 3b) . However, addition of the 3D repeats to GS-AOX737 and GS-AOX737-DE constructs did not result in a significant change compared with the GS-AOX737 (or GS-GFP) and GS-DE, respectively. These results were exactly similar to the result described above when one copy of Region DE was inserted into GS-AOX737 and GS-AOX737-DE constructs.
However, when three tandem copies of Region D were inserted into the native site of Region D, either forward or inversely, the GFP expressions of GS-GFP13Df and GSGFP13Dr decreased to 23% and 18% compared with the control, respectively. The transcript levels of GFP of these two strains also decreased to 12% and 11%, respectively (Fig. 3b) , which is similar to that of GS-DD, as shown in Fig. 2b in which the promoter Region D was deleted.
EMSA
EMSAs were performed to determine whether any cellular proteins can bind Regions D and E in the AOX1 promoter. The EMSA was conducted with cell extracts prepared from the GS-GFP strain, which grew under repressed (MMD) or induced (MM) conditions. Labeled Region D, E and I fragments were subjected to EMSA with labeled Region B as a negative control. Excess unlabeled fragments of Regions B, D, E and I were used to detect the specificity of the band shift. As shown in Fig. 4 , both the cell extracts from cells grown in MM (methanol) and MMD (methanol and glucose) culture were able to specifically bind the fragment of Region D. The specific band shift could be competed by 150-fold of the excessive unlabeled fragment. However, the labeled fragments of Regions B, E and I failed to form a specific band shift with the cell extracts from MM culture. All labeled fragments were able to form two nonspecific band shifts with both the cell extracts from MM and MMD cultures. The nonspecific band shift could not be completed by 150-fold of the excessive unlabeled fragment. Hence, as expected for a UAS, Region D was able to form a specific DNA-protein complex with a protein factor.
Discussion
In this paper, we identified two adjacent positive cis-acting elements, Region D (À 638 to À 510) and Region E (À 552 to À 442), by analyzing a series of internal deletion mutants of the AOX1 promoter. Deletion of either element resulted in a significant reduction of the activity of the promoter (Fig. 2b) . The deletion of Regions D or E resulted in a reduction of 85% in methanol-induced expression as well as 90% in the transcription level (Fig. 2b) . After analyzing the AOX1 promoter sequence by TESS (http://www.cbil.upenn. edu/cgi-bin/tess/tess), we found that there was an invert repeat-like sequence that is similar to UAS1, the consensus Adr1p-binding site. Its sequence was C(T/C)CC(G/A)(T/C/A) N 4 (T/G/A)(T/C)GG(A/G)G (Thukral et al., 1992; Cheng et al., 1994) , which was located from À 577 to À 549 in the AOX1 promoter, with the sequence GTGGGGTCAAATAG TTTCATGTTCCCCAA. [Note: Kranthi et al. (2009) just identified six key DNA elements involved in promoter recognition by Mxr1p, whose core sequence is CYCC. It was coincident with our results.] This sequence has a reverse orientation and, moreover, the sequence was not completely similar to UAS1. However, it has been demonstrated that Adr1p is involved in the induction of the H. polymorpha MOX promoter under derepression condition in S. cerevisiae by directly interacting with the MOX promoter nucleotides between À 245 and À 112, and the DNAseIfootprinting result demonstrated that the sequence of the binding site was GAGGA, which was also not completely similar to UAS1 (Pereira & Hollenberg, 1996) . Hence, we supposed that this sequence in the AOX1 promoter was a UAS1-like sequence. Besides, Region D contains the whole UAS1-like sequence, while Region E contains only the 5 0 -terminal CCAA in this UAS1-like sequence. This may be the reason why the deletion of two adjacent regions had the same effect on GFP expression. The positions of the Regions D and E are overlapped with the reported Fragment C ( À 653 to À 513) (Fig. 1) . However, according to the report of Inan et al. (2004) , whose results are different from our work, the loss of Fragment C did not decrease, but could increase 8% of b-gal activity. However, Hartner et al. (2008) also reported a result that was consistent with ours. The GFP expressions decreased to 30% and 34% of the wild type, respectively, with the deletion of the regions at positions À 576 to À 570 and À 643 to À 597 in the AOX1 promoter (Fig. 1) .
Because yeast UASs can enhance transcriptional activity and function in an orientation-independent manner (Lorch & Kornberg, 1985) , we investigated the effect on transcriptional and expression level of adding the Region DE (À 638 to À 442) to the UAS-deleted AOX1 promoter and the truncated native AOX1 promoter of 737 bp (Fig. 3a) . Although the expression and transcription levels of GFP were not improved when a single copy of Region DE was added in the strain with a Region E-deleted promoter (GS-DE) or the truncated 737-bp native promoter (GS-AOX737), the addition of a single copy of Region DE could increase significantly the expression (from 16% to 62.5%) and transcription level (from 10% to 32%) of GFP in the strain with a deleted Region D, i.e. GS-DD vs. GS-AOX737-DD1DE. Furthermore, when three tandem copies of Region D were added to a Region D-deleted promoter, a truncated 737-bp native promoter, and a native promoter, respectively (Fig. 3a) , the same results were obtained that the expression (from 16% to 157%) and transcription levels (from 10% to 135%) of GFP were increased only in the strain with a deleted Region D, i.e. GS-DD vs. GS-AOX737-DD13D (Fig. 3b) .
During the transcription machinery operation, the promoter DNA should be looped or condensed in some way to allow the formation of the transcription complex (Guarente, 1987; Ptashne, 1988) , in which the activator binding at the UAS should maintain the correct size and shape so as to interact with the basal factors and make the transcription machinery work. In GS-AOX7371DE and GS-AOX73713D, the native Region D still existed in the AOX1 promoter, although the activator could bind at both the inserted and the native Region D; obviously, the latter DNA-activator complex might be more accessible and would be able to interact earlier with the basal factors because of its native suitable location and shape. Thus, the additional one copy of Region DE and three tandem copies of Region D in the front of the native Region D in the AOX1 promoter had no effect on the expression of GFP at the protein level and mRNA level in GS-AOX7371DE and GS-AOX73713D. The strain with the deleted Region E of the AOX1 promoter (GS-DE) also retained a part of native Region D. Therefore, the addition of one copy of Region DE and three tandem copies of Region D to the promoter with a deleted Region E in GS-AOX737-DE1DE and GS-AOX737-DE13D also did not change the GFP expression and transcription, similar to that in GS-AOX7371DE and GS-AOX73713D. However, if the native Region D was deleted completely (as indicated in GS-DD), the organization of DNA must be flexible enough to allow the promoter and the newly inserted DNA-activator complex to be closely located and interact. Then, the additional Region DE or three tandem copies of Region D could function as a UAS. Therefore, the expression and transcription level of GFP in GS-AOX737-DD1DE and GS-AOX737-DD13D could increase considerably (Fig. 3b) .
When the three tandem copies of Region D were inserted into the native promoter in the native Region D forward (GS-GFP13Df) and reverse (GS-GFP13Dr), respectively, the expression (23% and 18%) and transcription level (12% and 11%) of GFP decreased to the same level as the strain with a deleted Region D (GS-AOX737-DD). The insertion site (PmeI site) was at position À 531, which was just adjacent the putative-binding site CCCCAA. Devlin et al. (1991) found that the three transcription factors GCN4, BAS1 and BAS2 require the assistance of another transcription factor RAP1 to increase the accessibility to their respective binding sites on the HIS4 promoter in S. cerevisiae. Furthermore, the binding site of RAP1 is adjacent to the binding site of GCN4, BAS1 and BAS2. Thus, we presumed that there might be other transcription-binding site in addition to the above-mentioned putative site À 577 to À 549 in Region D in the AOX1 promoter just like the reported HIS4 promoter. The binding site of the assistant transcription factor might be destroyed when the three tandem copies of Region D are inserted into the native Region D. Therefore, the expression and transcription level of GFP decreased to the same level as that of the strain with a deleted Region D (GS-AOX737-DD).
We verified the specific binding of some proteins only to Region D by EMSA, using the cell extract from P. pastoris GS115, but this specific binding was not found in the EMSA of Region E, as another potential cis-acting element. As mentioned above, Region E contains only the 5 0 -terminal CCAA of the invert repeat-like sequence in this UAS1-like sequence. The sequence C(T/C)CC in UAS1 was strongly conserved. If one base of this sequence was changed, the Adr1p could not bind in the mutant UAS1 (Cheng et al., 1994) . Thus, we assumed this is the reason why the loss of Region E resulted in the same decrease of GFP expression as Region D, but Region E underwent no specific band shift in EMSA. Mxr1p is cytoplasmic in glucose-grown cells, but localized to the nucleus in cells cultured on methanol or oleate (Lin-Cereghino et al., 2006) . Therefore, here, both cell extracts prepared from MM and MMD culture resulted in the formation of a DNA-protein complex with Region D in EMSA.
Interestingly, Lin-Cereghino et al. (2006) reported that Mxr1p can form a DNA-protein complex with a fragment from À 411 to À 168. In our case, Region I (from À 341 to À 241) is within the reported Mxr1p-binding region. However, Region I, whose loss resulted in a decrease in GFP expression by up to 40% of the wild type, could not form a DNA-protein complex with the cell extract prepared from MM culture in our case (data not shown). Inan et al. (2004) reported that the loss of Fragment E (À 390 to À 238) (Fig.  1b) resulted in a decrease in b-gal activity to $16% of the wild type. In their work, it is further described that Fragment E cannot undergo a band shift in a gel retardation assay, which was consistent with our result. Region I and Fragment E also contain another UAS1-like sequence (LinCereghino et al., 2006) (Fig. 1) , which was located at positions from À 326 to À 290, with sequence the AACCCC GGTGCACCTGTGCCGAAACGCAAATGGGGAA. In the work of Lin-Cereghino et al. (2006) , the band-shift experiments of the Mxr1p-binding region were performed using cell extracts prepared from this Mxr1p recombinantly overexpressed strain; thus, the concentration of Mxr1p is extremely higher than that under the in vivo condition. This may be the reason why Region I and Fragment E cannot form a DNA-protein complex in the band-shift experiments in our case and in the work of Inan et al. (2004) .
From all the results obtained, we firstly confirmed that Region D can form a DNA-protein complex. Besides, the deletion of this region resulted in a significant decrease in the AOX1 promoter transcription activity. The addition of this region could increase the AOX1 promoter transcription activity significantly in the strain with a Region D-deleted promoter. Therefore, we conclude that Region D contains a site to which a transcription regulation factor responding to methanol induction can bind.
